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Current migratory movements require new strategies for rapidly tracking the transmission of high-risk imported Mycobacte-
rium tuberculosis strains. Whole-genome sequencing (WGS) enables us to identify single-nucleotide polymorphisms (SNPs) and
therefore design PCRs to track specific relevant strains. However, fast implementation of these strategies in the hospital setting is
difficult because professionals working in diagnostics, molecular epidemiology, and genomics are generally at separate institu-
tions. In this study, we describe the urgent implementation of a system that integrates genomics and molecular tools in a genuine
high-risk epidemiological alert involving 2 independent importations of extensively drug resistant (XDR) and pre-XDR Beijing
M. tuberculosis strains from Russia into Spain. Both cases involved commercial sex workers with long-standing tuberculosis
(TB). The system was based on strain-specific PCRs tailored from WGS data that were transferred to the local node that was
managing the epidemiological alert. The optimized tests were available for prospective implementation in the local node 33
working days after receiving the primary cultures of the XDR strains and were applied to all 42 new incident cases. An interpre-
table result was obtained in each case (directly from sputum for 27 stain-positive cases) and corresponded to the amplification
profiles for strains other than the targeted pre-XDR and XDR strains, which made it possible to prospectively rule out transmis-
sion of these high-risk strains at diagnosis.

Current massive migratory movements in Europe and else-
where will likely affect the international distribution of Myco-

bacterium tuberculosis strains. Multidrug-resistant, extensively re-
sistant, and highly transmissible M. tuberculosis strains, which are
restricted mostly to high-prevalence settings, can now cross fron-
tiers more easily and be imported into countries where they are
not yet a major problem. In this new scenario, strategies for rapid
tracking of the importation and subsequent transmission of these
high-risk strains in the host population must be implemented.

Surveillance of the importation/distribution of M. tuberculosis
strains is supported mainly by universal genotyping of the isolates
and systematic comparison of genotypic profiles in databases
comprising whole populations (1, 2). This approach allows us to
identify when a strain is imported into a population for the first
time and to track subsequent transmission clusters caused by it.
An alternative approach involves strain-specific PCRs designed to
track specific outbreak strains in specific circumstances (3–5). The
development of a strain-specific PCR is possible only when the
strain harbors a specific genetic feature (e.g., large deletions [re-
gions of difference] or insertions [mostly IS6110 insertions]) that
enables it to be targeted. Consequently, robust strain-specific ge-
netic data could not be obtained until recently, as knowledge of
genetic composition was not always sufficient, and the specificity
of the selected features was sometimes uncertain.

Whole-genome sequencing (WGS) enables us to identify sin-
gular features (strain-specific single-nucleotide polymorphisms
[SNPs]) for any M. tuberculosis strain of interest, thus facilitating
the design of strain-specific PCRs. We used allele-specific-oligo-
nucleotide (ASO) PCR designed from whole-genome sequencing

data to demonstrate the efficiency and flexibility of this new strat-
egy for tracking the transmission of prevalent strains in an area of
Spain with a high proportion of TB cases in immigrants (6). Sim-
ilar approaches have been applied for precise redefinition of a
long-term TB outbreak in Switzerland (7).

However, the design of strain-specific PCRs that target specific
SNPs to prioritize the prospective surveillance of specific strains
requires a complex preanalytical design step. In addition, experi-
ences implementing WGS in clinical laboratories have been lim-
ited (8–10) and focused on issues other than tuberculosis, thus
leaving most local peripheral laboratories dependent on centers
with the capacity for genomic analyses. The resulting delays ham-
per effective local implementation of surveillance strategies when
a genuine epidemiological alert to the presence of a high-risk M.
tuberculosis strain is activated.

The aim of our study was to evaluate the feasibility of rapid in
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situ implementation of a simple surveillance system based on
strain-specific PCRs to respond to a serious epidemiological alert,
namely, the importation of XDR strains. The strategy was applied
in a real-world scenario, that is, diagnostics, molecular epidemi-
ology, and genomic analyses were managed at 3 separate institu-
tions, each in a different city.

(The results of this study were partially presented at the 2016
European Society of Mycobacteriology Meeting, 3 to 6 July 2016,
Catania, Italy.)

MATERIALS AND METHODS
Microbiological procedures. Clinical specimens were processed accord-
ing to standard methods (11). Susceptibility testing for isoniazid, rifam-
pin, streptomycin, ethambutol, and second-line anti-TB drugs was per-
formed using the mycobacterial growth indicator SIRE system (Becton
Dickinson, Sparks, MD, USA) according to standard methods (12).

MIRU-VNTR analysis. Mycobacterial interspersed repetitive-unit–
variable-number tandem-repeat (MIRU-VNTR) analysis was performed
directly from the bacteria in the specimens according to a procedure de-
scribed elsewhere (13). The MIRU-VNTR loci order was MIRU 02, MIRU
20, MIRU 23, MIRU 24, MIRU 27, MIRU 39, MIRU 04, MIRU 26, MIRU
40, MIRU 10, MIRU 16, MIRU 31, VNTR 42, VNTR 43, ETRA, VNTR 47,
VNTR 52, VNTR 53, QUB-11b, 1995, QUB-26, VNTR 46, VNTR 48, and
VNTR 49. MIRU-VNTR types were compared using Bionumerics 4.6
(Applied Maths, Sint-Martens-Latem, Belgium).

Whole-genome sequencing. Instead of performing WGS according
to the standard procedure, i.e., from purified DNA obtained from M.
tuberculosis subcultured in Lowenstein-Jensen medium, we purified DNA
directly from the primary mycobacterial growth indicator tube (MGIT)
liquid culture. We included a pretreatment step to minimize interference
from human DNA (14). Briefly, the samples were sonicated, inactivated,
centrifuged, and, after removing the supernatant, samples were resus-
pended in 1 ml of saline wash. They were then centrifuged again, and the
supernatant was removed. The pellets were resuspended in water, and the
DNA was precipitated with 3 M sodium acetate and 96% ethyl alcohol
(EtOH). Finally, the DNA was resuspended with Tris-EDTA (TE) and
used to prepare libraries.

DNA libraries were generated following the Nextera XT Illumina pro-
tocol (Nextera XT Library Prep kit [FC-131-1024]). We used 0.2 ng/�l
purified gDNA to initiate the protocol. The multiplexing step was per-
formed using a Nextera XT index kit (FC-131-1096); the index PCR am-
plification program on the thermal cycler was modified to 15 cycles. Li-
brary quality and size distribution were checked by running 1 �l on a 2200
TapeStation bioanalyzer (Agilent Technologies, USA). The indexed li-
braries were quantified using Qubit fluorometric quantitation using a
Qubit 2.0 fluorometer (Life Technologies, USA) and normalized by a
manual procedure based on the average fragment size observed. The li-
braries were sequenced using a 2 by 300 pb paired-end run (MiSeq reagent
kit v3 [MS-102-3001]) on a MiSeq sequencer according to manufacture-
rinstructions (Illumina) and batched (in a pool of 16) per flow cell, with
an average per base coverage of 146� (range, 106� to 208�).

SNP calling was performed as indicated elsewhere (15). In summary,
after mapping to a reference strain, we extracted all variable positions
in the strain of interest. To avoid false-positive calls, a series of quality

filter criteria were applied to the data associated with the SNP (cover-
age, �20�; mapping quality, 20).

Strain-specific SNPs were identified after comparing the SNPs ex-
tracted from the WGS data with those from an in-house database of 219
strains representing the geographic and phylogenetic diversity of the M.
tuberculosis complex (16). Finally, only those SNPs that passed the quality
filters were kept for the analyses and classified as synonymous, nonsyn-
onymous, or intergenic. We finally selected synonymous SNPs for the
ASO-PCR analysis to ensure their stability as genetic markers (17).

Strain-specific ASO-PCR design. We designed an ASO PCR for each
of the 2 strains studied (BJR1 and BJR2). We targeted simultaneously
several SNPs that were specific to the strains to rule out false negatives, as
recommended elsewhere (7). We designed a multiplex ASO PCR to target
4 strain-specific SNPs in BJR1 and 3 strain-specific SNPs in BJR2. One of
the primers in each pair was a selective primer that targeted the alleles in
the surveyed strain, whereas the remaining primers targeted the alleles
from the nonsurveyed strains. In each PCR, our design generated different
patterns depending on whether the strain tested was the surveyed strain
(BJR1 or BJR2) or another strain.

The assay conditions were the same for these 2 ASO PCRs with 2
exceptions, namely, the primer concentration (0.14 �M for BJR1 and 0.2
�M for BJR2) and the MgCl2 concentration (1.6 mM for BJR1 and 1.8
mM for BJR2). Both PCRs included 1% DMSO, 200 �M dNTPs, and 0.4
�l AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA). The PCR
conditions were 95°C for 10 min followed by 30 cycles of 95°C for 1 min,
64°C for 1 min, and 72°C for 1 min, and then 72°C for 10 min.

Allocation of lineages and clonal complexes. The Beijing lineage was
determined by detecting the specific SNP marker for this lineage (Rv2952,
G526A) using PCR and DNA sequencing (17). The short sequence reads
were submitted for in silico spoligotyping using the online Total Genotyp-
ing Solution for Mycobacterium tuberculosis (TGS-TB) tool (see https:
//gph.niid.go.jp/tgs-tb).

The clonal complex B0/W148 was determined using in silico analysis
for the presence of an IS6110 insertion in the Rv2664-Rv2665 intergenic
region, which is a specific marker for this complex (position 2982598 in
H37Rv NC_000962.3; positions 2755667–2757021 in strain W-148
NZ_CP012090.1) (4). MiSeq reads were mapped to the complete ge-
nomes of reference strain H37Rv (NC_000962.3) and strain W-148
(NZ_CP012090.1) by using the Geneious 9.0 package (Biomatters, Ltd.,
Auckland, New Zealand).

MiSeq reads of strain BJR2 were mapped to the complete genome of
reference strain H37Rv (NC_000962.3), and SNPs were compared with
those in the proprietary database at St. Petersburg Pasteur Institute.

Accession number(s). The sequence data have been deposited in the
EBI Sequence Read Archive under accession no. PRJEB15326.

RESULTS AND DISCUSSION

In September 2015, a case of XDR TB and a case of pre-XDR TB
(both female patients, one HIV positive and the other HIV nega-
tive) were diagnosed 1 week apart in the diagnostic laboratory in
Almería, southeast Spain (Table 1). The patients were commercial
sex workers who had immigrated to Spain from Russia and had
been living in Almería for the last 3 and 2 years, respectively.

In the diagnostic laboratory in Almería (diagnostics node),

TABLE 1 General features of the cases and strains studied

Case no. Strain Origin Specimens containing MTB Resistance profilea MIRU-VNTR type
Beijing
group

1 BJR1 Russia Sputum, feces, urine, blood, and
peritoneal fluid

INH, RIF, STR, ETH, PZA, AMK,
CAP, KAN, MOX

225133273335444432657423 B0/W148

2 BJR2 Russia Sputum and feces INH, RIF, STR, ETH, AK, CAP,
KA, MOX, OFL

225133253335444432656423 94-32

a AMK, amikacin; ETH, ethambutol; INH, isoniazid; KAN, kanamycin; MOX, moxalactam; OFL, ofloxacin; PZA, pyrazinamide; RIF, rifampin; STR, streptomycin.
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MIRU-VNTR typing was performed directly from stain-positive
respiratory specimens. A complete MIRU-VNTR pattern was ob-
tained from BJR1 (225133273335444432657423), whereas no am-
plification was observed in 9 loci in BJR2. Even with this incom-
plete MIRU-VNTR analysis, we suspected a transmission event, as
the alleles for 15 loci were identical and both strains shared an
unusual track (4444) in the loci Mtub04, ETR-C, ETR-A, and
Mtub30. The purified DNA and the primary liquid cultures
(MGIT) were sent to our laboratory in Madrid (molecular bi-
ology node). We completed the MIRU-VNTR type for the iso-
late with amplification failures, and, contrary to our initial
assumption, the second case was infected by a different strain
(225133253335444432656423). The 2 MIRU-VNTR types
clustered with the Beijing isolates in our database. The presence
of the specific SNP marker of the Beijing lineage confirmed that
the 2 isolates belonged to this lineage. The 9-signal Beijing spoli-
gotype profile was also predicted using in silico typing based on
short sequence reads. A comparison of the MIRU-VNTR pat-
terns with those of strains circulating in Russia (St. Petersburg
Pasteur Institute database) and with strains from the MIRU-
VNTRplus.org database indicated that they corresponded to
the 100-32 type (Beijing B0/W148) clonal cluster, previously
defined as a successful Russian clone (18), and to the 94-32
cluster (1065-32 type), respectively, both of which are major
Beijing groups found throughout the former Soviet Union
(18–23).

The identification of independent importation of a pre-XDR
Beijing strain and an XDR Beijing strain (BJR1 and BJR2, respec-
tively) activated the epidemiological alarm, which indicated the
possibility of an extremely high-risk transmission based on the
following findings: history of commercial sex work, stay of 3 and 2
years in Almería before diagnosis, extremely high bacterial loads
(�100/field), and long-standing TB (one case with M. tuberculosis
isolated from sputum and feces and the other with M. tuberculosis
isolated from sputum, peritoneal, blood, urine, and feces), which
were likely due to a long diagnostic delay. These factors supported
a highly probable risk of transmission, which activated the epide-
miology alert and initiated the implementation of a system to
track the potential transmission of these 2 strains in situ at the local
diagnostic laboratory in Almería.

The first step was to analyze the 2 strains using WGS, which
required high-quality purified DNA from the M. tuberculosis iso-

lates while excluding DNA from other sources. Therefore, the pri-
mary cultures were sent to Madrid (molecular biology node). The
day the samples were received in Madrid was considered day 0 (5
October 2015) in the implementation timeline (Fig. 1). As epithe-
lial human cells and accompanying respiratory bacteria can also
be found in respiratory specimens, subcultures from the primary
culture are generally necessary for elimination of interfering DNA
for WGS analysis. As our objective was to ensure rapid implemen-
tation of our system, the delay expected from the M. tuberculosis
subculture was not acceptable. Instead, we applied WGS directly
from the genomic DNA purified from the primary liquid (MGIT)
culture. We processed 2 independent cultures for each strain
(BJR1 and BJR2) to provide an extra opportunity to complete the
WGS analysis in case the readings obtained were not of sufficiently
high quality in terms of depth and/or coverage.

Once the quantity of human material was reduced, purified
enriched M. tuberculosis DNA was sent to our collaborative
genomics center in Valencia (genomics node), and after reception
and quality assessment (Fig. 1), libraries were prepared following
the protocol modifications described elsewhere for analysis of
DNA from primary cultures (14).

Once the quality of the WGS readings was shown to not differ
from the quality obtained using the standard process, which in-
volved subculture of the primary isolate, we first confirmed that
both isolates belonged to the 2 major Beijing groups in Russia, as
suggested initially by the MIRU-VNTR analysis. BJR1 was con-
firmed to belong to the B0/W148 cluster by in silico detection of
the specific Rv2664-Rv2665:IS6110 insertion, which has been pro-
posed as a specific marker for this clonal cluster. On the whole,
analysis of the short reads mapped to the available complete ge-
nome of strain W-148 (representative of B0/W148-cluster) re-
vealed that all IS6110 insertions in this strain were also present in
strain BJR1. We also checked and confirmed that strain BJR1 har-
bored the mutation signatures that are characteristic of B0/W148
group strains circulating in Russia, and that strain BJR2 belonged
to the 94-32-cluster based on in silico detection of 23 specific SNPs
(I. Mokrousov, E. Chernyaeva, and A. Vyazovaya, unpublished
data).

Second, we started the process of identifying specific SNPs for
each of the strains (Fig. 1). The SNPs found after comparison with
the most recent common ancestor of the M. tuberculosis complex
(16, 24) were compared with those from a global database, includ-

FIG 1 Timeline and distribution of tasks for the different nodes involved in the study.
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ing 219 strains that are representative of the composition of strains
circulating worldwide (16) as the first filter to rule out non-strain-
specific SNPs (Fig. 1). Thirteen and 80 SNPs were obtained for the
BJR1 and BJR2 strains, respectively.

To further refine our analysis for the BJR2 strain, which had a
higher number of putative strain-specific SNPs than did the BJR1
strain (likely due to underrepresentation of 94-32 clonal complex
strains in our database), we applied 2 new filters. First, we selected
the 18 SNPs mapping essential genes to ensure their stability as
markers (17). Then, we compared these 18 SNPs for BJR2 with the
sequences available in the St. Petersburg Pasteur Institute for Rus-
sian isolates belonging to the 94-32 Beijing group (I. Mokrousov,
E. Chernyaeva, and A. Vyazovaya, unpublished data) and those
available in the Genome-Wide Mycobacterium tuberculosis Varia-
tion (GMTV) database (see http://mtb.dobzhanskycenter.org/).
After applying both filters, the number of SNPs considered strain-
specific fell from 80 to 8.

To ensure specificity, we decided to simultaneously target 4
and 3 SNPs for the BJR1 and BJR2 strains, respectively (Fig. 2). In
this selection, we requested that the SNPs be synonymous to en-
sure their usefulness as stable genetic markers. The ASO PCR was
designed at the molecular biology node and used a multiplex for-
mat to interrogate the 4 BJR1 strain-specific SNPs and a different
multiplex format to interrogate the 3 BJR2-specific SNPs (Fig. 2).
In our design, 2 pairs of primers for each ASO PCR targeted the
alleles expected for the surveyed strain (SNPs 1 and 3 for BJR1 and
SNPs 5 and 7 for BJR2), whereas the remaining primers targeted
the alternative allele found in strains other than those surveyed
(non-BJR1 and non-BJR2) (Fig. 2). This design was to ensure the
presence of amplification products, regardless of whether the case
was infected by BJR1, BJR2, or another strain, to enable detection
of potential PCR failures. Finally, primers were designed to pro-
duce different sizes for each of the amplicons (Fig. 2). A blind
evaluation of the 3 multiplex ASO PCRs enabled us to confirm the
patterns expected for the BJR1 and BJR2 isolates and for a selec-
tion of unrelated controls (Fig. 3).

Once the multiplex ASO PCRs were considered to be opti-
mized, they were transferred to the diagnostics node in Almeria.
In our search for maximum efficiency in the surveillance scheme,
which sought to identify the strains surveyed at diagnosis, we eval-

uated the performance of the multiplex ASO PCRs when applied
to DNA purified directly from decontaminated smear-positive
specimens (using Qiagen kits) and found the same interpretable
patterns (data not shown).

The final step was to start the prospective survey of the 2 im-
ported Beijing strains on all newly diagnosed cases. Between No-
vember 2015 and June 2016, multiplex ASO PCR was applied to 27
respiratory specimens from incident smear-positive patients and
to 15 isolates from non-smear-positive patients. From 22 of 27
smear-positive cases, we obtained an interpretable result within
the first 72 h after observation of acid-fast bacilli. All but 1 of the 5
specimens without a result corresponded to specimens with scarce
acid-fast bacilli, which would have been considered stain-negative
specimens under standard circumstances because a modification
of the auramine staining method with significantly improved sen-
sitivity (25) is routinely applied in the Almería laboratory (diag-
nostics node). Moreover, in all 15 incident smear-negative cases
and in the 5 cases with no initial results, the multiplex ASO PCRs
were applied on DNA extracted from the cultured isolates. Inter-
pretable results were obtained in all 42 isolates and corresponded
to the amplification profiles for non-BJR1/non-BJR2 strains,
which made it possible to quickly rule out secondary cases result-
ing from exposure to the imported high-risk XDR cases.

FIG 2 SNPs and alleles targeted in each of the 2 multiplex ASO PCRs designed to track the BJR1 and BJR2 strains. The expected patterns for the BJR1, BJR2, and
any other strains expected in each of the 2 ASO PCRs are shown in the gels on the right. The samples were all run on the same gel using the same molecular weight
(MW) markers but were separated into two graphics for clarity.

FIG 3 Amplification patterns obtained for the BJR1 and BJR2 multiplex ASO
PCRs when applied to the control BJR1 and BJR2 strains and to randomly
selected non-BJR1 and non-BJR2 strains. Mw, molecular weight marker.
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Our strategy has an added value when applied to track XDR
strains. Expensive drug susceptibility testing that is performed in
diagnostic laboratories can be avoided. Given that the acquisition
of drug resistance in TB is essentially stable (i.e., there is no rever-
sion to susceptibility), genetic markers for TB clones are surro-
gates for not only such clones but also of the drug resistance de-
terminants they harbor. In practice, this means that performing
the standard drug susceptibility testing can be unnecessary if mul-
tidrug-resistant/XDR clones are diagnosed by specific low-cost
PCR tests.

The final optimized tests were available for prospective imple-
mentation at the local node 33 working days after receiving the
primary culture. This period is probably longer than would be
necessary to implement an equivalent system if the clinical diag-
nostics laboratory, the molecular epidemiology laboratory, and
the genomics analysis unit were in a single institution. However,
the scenario we described, where 3 separate collaborative nodes
are responsible for each part of the process, is closer to real-world
practice. In this context, we believe that the response time is rea-
sonable and this shows that even in nonideal networks of activity,
such as ours, a local, simple, low-cost, and efficient tool can be
implemented to ensure specific in situ surveillance of high-risk
strains at the diagnosis of each new case.

Tailoring PCRs that target SNPs from relevant strains is a
novel, low-cost, rapid, and transferable strategy for in situ moni-
toring of high-risk TB transmission. Our strategy ensures that
epidemiological surveillance is implemented at the diagnosis of
TB. This approach represents a major transformation in the way
the transmission of this infection is analyzed.
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